Posttranslational modification, in particular farnesylation, of Ras is crucial for activation of Saccharomyces cerevisiae adenylyl cyclase (CYR1). Based on the previous observation that association of CYR1 with cyclaseassociated protein (CAP) is essential for its activation by posttranslationally modified Ras, we postulated that the associated CAP might contribute to the formation of a Ras-binding site of CYR1, which mediates CYR1 activation, other than the primary Ras-binding site, the leucine-rich repeat domain. Here, we observed a posttranslational modification-dependent association of Ras with a complex between CAP and CYR1 Cterminal region. When CAP mutants defective in Ras signaling but retaining the CYR1-binding activity were isolated by screening of a pool of randomly mutagenized CAP, CYR1 complexed with two of the obtained three mutants failed to be activated efficiently by modified Ras and exhibited a severely impaired ability to bind Ras, providing a genetic evidence for the importance of the physical association with Ras at the second Ras-binding site. On the other hand, CYR1, complexed with the other CAP mutant, failed to be activated by Ras but exhibited a greatly enhanced binding to Ras. Conversely, a Ras mutant E31K, which exhibits a greatly enhanced binding to the CYR1-CAP complex, failed to activate CYR1 efficiently. Thus, the strength of interaction at the second Ras-binding site appears to be a critical determinant of CYR1 regulation by Ras: too-weak and too-strong interactions are both detrimental to CYR1 activation. These results, taken together with those obtained with mammalian Raf, suggest the importance of the second Ras-binding site in effector regulation.
Ras proteins are small guanine nucleotide-binding proteins that cycle between the active GTP-bound and the inactive GDP-bound states. They are conserved from yeasts to mammals and play pivotal signaling roles in the regulation of cell growth and differentiation. Ras undergoes posttranslational lipid modifications, which are crucial for its membrane anchoring as well as for biological functions, at its C terminus (7, 8) . In mammals, a serine/threonine kinase Raf-1 and its isoforms B-Raf and A-Raf are major effectors of Ras (9) . In addition, recent searches have identified a number of mammalian Ras effectors and effector candidates, such as Ral guanine nucleotide dissociation stimulator (RalGDS), phosphoinositide 3-kinase, and protein kinase C, all of which associate directly with the GTP-bound Ras (6, 26) . However, the molecular mechanism of effector regulation by Ras is still unclear. It is established that the association with the posttranslationally modified Ras induces translocation of Raf-1 to the plasma membrane, where it is activated by membrane-bound factors (30, 44) . The membrane recruitment role of Ras is also implicated in activation of RalGDS and phosphoinositide 3-kinase (33, 40) . However, several recent studies have indicated that the mechanism of Raf activation by association with Ras seems to involve a number of complex processes in addition to the simple membrane recruitment (21, 36, 42, 46) . In any of these cases, unavailability of in vitro systems, which could reconstitute the Ras-dependent effector regulation with the purified components only, hampered full elucidation of the Ras function other than the membrane recruitment.
On the other hand, in the budding yeast Saccharomyces cerevisiae, it has been established that adenylyl cyclase (CYR1) is a major downstream effector of RAS1 and RAS2, which are structural, functional, and biochemical homologues of mammalian Ras (3, 17) . The Ras-CYR1 pathway has been implicated in transduction of a glucose-triggered signal to an intracellular environment where a protein phosphorylation cascade is initiated by cyclic AMP (cAMP). Since the Ras-dependent CYR1 activation could be reconstituted in vitro with the purified components only, the Ras-CYR1 system provided a unique opportunity to examine molecular mechanisms underlying Ras-dependent regulation of effector activities. CYR1 consists of 2,026-amino-acid residues that comprise at least four domains: the N-terminal, middle repetitive, catalytic, and C-terminal domains (23, 52) . The middle repetitive domain is composed of a repetition of 23-amino-acid amphipathic leucine-rich motifs that have homology to the leucine-rich repeat (LRR) family of proteins (27) . Genetic and biochemical studies demonstrated that the LRR domain contains a binding site for the GTP-bound Ras (35, 43, 49) . Mammalian Ras can substitute for yeast RAS to activate CYR1 (4, 24) . CYR1 forms a complex with the 60-kDa adenylyl cyclase-associated protein (CAP) (11, 12) . CAP is a bifunctional protein: its N-terminal region binds to the C-terminal region of CYR1, and this association appears to be required for proper in vivo response to Ras, while its C-terminal region binds actin monomer and is somehow involved in the regulation of the actin cytoskeleton (13, 14, 16, 50) . These two functions appear to be separable from each other (14) . Although the mechanism of regulation of the Ras-CYR1 pathway by CAP was unknown, we have recently found a possible link between CAP and the CYR1 activation by the modified Ras.
By using an in vitro reconstituted system, we previously demonstrated that the posttranslational modification, in particular farnesylation, of Ras is required for efficient activation of CYR1 by Ras (28) . However, we next observed that the posttranslational modification of Ras did not affect the association of Ras with the LRR domain of CYR1 and that the association with the CAP N-terminal region is essential for the efficient activation of CYR1 by the modified Ras (43) . The effect of CAP was successfully reconstituted in vitro by the purified components only. These findings suggested that CAP might mediate the stimulatory effect of the modified Ras on CYR1 activation and reminded us of our past observation on mammalian Raf-1. We and others identified the cysteine-rich domain (CRD) of Raf-1 as another Ras-binding site than the primary binding site, the Ras-binding domain (5, 15, 21) . The association of Ras with CRD is dependent on the posttranslational modification of Ras (21, 31) and is required for the efficient in vivo activation of Raf-1 by Ras (10, 21, 31, 38, 46) . This led us to hypothesize that the associated CAP might constitute a Ras-binding site of CYR1, which mediates the CYR1 activation, other than the primary Ras-binding site LRR domain. Here we report that in fact CAP in complex with the CYR1 C-terminal region is capable of direct association with the posttranslationally modified Ras. By isolating mutants of CAP which are defective in association with Ras, we provide genetic evidence for the importance of this binding in the Ras-dependent CYR1 activation both in vivo and in vitro. Further, evidence is presented for the importance of the strength of this binding in the CYR1 activation.
MATERIALS AND METHODS
Strains and growth media. The Saccharomyces cerevisiae strains used in this study are listed in Table 1 . Replacement of the chromosomal CAP gene with its N-terminal deletion mutant CAP⌬N-1 was carried out as described previously (43) . The resulting yeast strain expressed only the C-terminal segment of CAP corresponding to residues 369 to 526 under control of the yeast alcohol dehydrogenase I (ADC1) promoter. Another N-terminal deletion allele, CAP⌬N-2, was prepared similarly except that the HIS3 marker replaced the URA3 of CAP⌬N-1. Yeast cells were grown in YPD (2% Bacto Peptone, 1% Bacto Yeast Extract, 2% glucose) or in yeast synthetic medium (0.67% yeast nitrogen base, 2% glucose) with appropriate auxotrophic supplements. Yeast cells bearing the cyr1-2 mutation were cultured at 30°C in the presence of 1 mM cAMP as described previously (34) . Genetic manipulations of yeast cells were performed as described previously (41) . Transformation into yeast cells was carried out with lithium acetate (22) .
Random mutagenesis of CAP and construction of expression plasmids. A DNA fragment corresponding to residues 1 to 77 of CAP, CAP(1-77), was subjected to an error-prone PCR (19) to introduce random mutations. A pool of the amplified DNA fragments were inserted into a yeast two-hybrid vector pGBT10 (2) for expression as fusions with GAL4 DNA-binding domain under control of the ADC1 promoter as described previously (37) . pGAD-CYR1(1879-2026) was used for expression of residues 1879 to 2026 of CYR1, CYR1(1879-2026), as a GAL4 transactivation domain (GAD) fusion (37) . A yeast expression vector pAD4-FLAG was constructed by insertion of an annealed pair of oligonucleotides, 5Ј-GATCATGGACTACAAGGACGACGATGACAG-3Ј and 5Ј-G ATCTCTTGTCATCGTCGTCCTTGTAGTCCAT-3Ј, encoding a FLAG epitope (DYKDDDDK), into a BglII cleavage site of pAD4 (12) . The full-length wild-type CAP or its mutants were inserted into pAD4-FLAG for expression as FLAG epitope-fusions under control of the ADC1 promoter. An SphI fragment of pAD4-GST-CYR1(1764-2026) (50) bearing a glutathione S-transferase (GST) fusion CYR1(1764-2026) sandwiched between the ADC1 promoter and terminator was cloned into pAS2-1 (Clontech), which had been cleaved by SphI to remove the ADC1 promoter, the ADC1 terminator, and GAL4 GAD. pGEX-CYR1(1764-2026) was constructed by insertion of CYR1(1764-2026) into pGEX-2T (Amersham Pharmacia Biotech) and used for expression of GST-CYR1(1764-2026) in Escherichia coli. pAD4-GST-CYR1(606-1764) was used for expression of a GST fusion CYR1(606-1764), containing the whole LRR domain, in yeast cells (43) .
Screening for CAP mutants which are functionally defective but retain the ability to interact with CYR1. A yeast strain TK161-R2V(CAP⌬N) bearing the RAS2 and the CAP⌬N-1 genes was transformed with a pool of pGBT10-CAP(1-77) carrying mutations. The resulting Trp ϩ colonies were subjected to heat shock at 55°C for 5 min by a replica-plating method as described previously (47, 50) . pGBT10-CAP(1-77) plasmids, which failed to restore the heat shock sensitivity, were recovered from the yeast clones which survived the heat shock treatment and again transformed into a yeast two-hybrid reporter strain Y187-207 carrying the chromosomal CAP⌬N-2 gene and the episomal pGAD-CYR1(1898-2026). The resulting Leu ϩ , Trp ϩ , and His ϩ transformants were assayed for ␤-galactosidase activity by a filter assay as described previously (2) . pGBT10-CAP(1-77) plasmids were isolated from the two-hybrid interactionpositive yeast clones and subjected to DNA sequence determination to reveal mutations in the CAP-coding sequence. Each of the identified mutations was transferred to the full-length CAP, which was inserted into pAD4-FLAG for expression as a FLAG fusion. CAP mutants defective in binding to the CYR1 C-terminal domain, CAP(L20R) and CAP(147-526), were described earlier (37) .
Measurement of in vivo association between CAP and CYR1. Yeast FS1 lacking the endogenous CAP was transformed with pAD5-FLAG-CAP carrying various mutations. The resulting transformants (Table 1) a These strains were described previously (25, 37, 43) . enebis(oxyethylenenitrilo)tetraacetic acid, 2 mM dithiothreitol, 10% glycerol] as described previously (35, 50) . The cytosol fraction was prepared by centrifugation at 100,000 ϫ g for 60 min and subjected to immunoprecipitation with anti-FLAG antibody-conjugated resin M2 (Kodak). Subsequently FLAG-CAP proteins were eluted with TBS buffer (10 mM Tris-HCl [pH 7.4], 150 mM NaCl) containing 100 g of FLAG peptide per ml. Endogenous CYR1 copurified with FLAG-CAP was detected by Western immunoblotting with anti-CYR1CT antibody (37) . Anti-FLAG antibody (Kodak) was used for detection of FLAG-CAP. Aliquots of these purified proteins were also used for adenylyl cyclase assays.
In vitro Ras binding assay. YEP24-ADC1-GST-CYR1(1764-2026) was transformed into FS1 in combination with pAD5-FLAG-CAP wild type or its mutant. The resulting transformants (Table 1) were grown and lysed as described above, and the crude membrane fractions were prepared by centrifugation of the lysates at 27,000 ϫ g for 80 min. GST-CYR1(1764-2026) was solubilized from the crude membrane fractions with buffer C containing 1% Lubrol PX, 0.5 M NaCl, and 1 mM phenylmethylsulfonyl fluoride and adsorbed onto glutathione-Sepharose resin (35) . GST-CYR1(606-1764) was purified similarly from yeast TS5 harboring pAD4-GST-CYR1(606-1764). FLAG-CAP was purified from yeast FS20 by adsorption onto anti-FLAG antibody-conjugated resin. GST-CYR1(1764-2026) without any CAP bound was purified from Escherichia coli harboring pGEX-2T-CYR1(1764-2026) by adsorption onto glutathione-Sepharose. Aliquots (40 l) of the resin carrying various proteins were incubated at 4°C for 2 h in a total volume of 100 l of buffer A (20 mM Tris-HCl [pH 7.4], 40 mM NaCl, 5 mM MgCl 2 1 mM EDTA, 1 mM dithiothreitol, 0.1% Lubrol PX) containing 150 nM Ha-Ras or its mutants in the posttranslationally modified or unmodified forms, which had been purified from Spodoptera frugiperda Sf9 cells infected with baculoviruses expressing the respective proteins (28, 39) . The resin was washed, and the bound proteins were subsequently eluted with buffer A containing 20 mM glutathione. Ha-Ras in the eluate was detected by Western immunoblotting with anti-Ha-Ras monoclonal antibody F235 (Oncogene Science, Inc., New York, N.Y.).
Adenylyl cyclase assay. Adenylyl cyclase activities of various CYR1 specimens were measured in the presence of 2.5 mM MgCl 2 with the addition of various concentrations of purified Ha-Ras or its mutants, which had been loaded with 5Ј-O-(3-thiotriphosphate) (GTP␥S) as described previously (43) . For measurement of the Mn 2ϩ -dependent activity, 2.5 mM MnCl 2 replaced MgCl 2 and Ras. Other methods. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and Western immunoblot analysis were performed as described earlier (29, 48) . The enhanced chemiluminescence immunodetection system (Amersham Pharmacia Biotech) was used for signal development. GST-CYR1
and FLAG-CAP proteins were quantitated by densitometric estimation of the intensities of Coomassie brilliant blue-stained bands upon SDS-PAGE.
RESULTS
Posttranslational modification-dependent association of Ras with the CYR1-CAP complex. Based on the previous observation that association with CAP is essential for the efficient activation of CYR1 by the posttranslationally modified Ras (43), we postulated that the associated CAP might constitute a Ras-binding site of CYR1, which mediates the CYR1 activation, other than the primary Ras-binding site LRR domain. To prove this, we examined whether CAP alone or in complex with the CYR1 C-terminal region was capable of direct association with the modified Ras in vitro. GST-CYR1(1764-2026) complexed with FLAG epitope-fusion CAP was purified by adsorption onto glutathione-Sepharose resin from FS66 yeast cells (Table 1) , expressing the two proteins, and examined for in vitro association with the posttranslationally modified and the unmodified forms of Ha-Ras, which had been loaded with GTP␥S or guanosine 5Ј-O-(2-thiodiphosphate) (GDP␤S), as described in Materials and Methods (Fig. 1B) . The purified complex consisted only of GST-CYR1(1764-2026) and FLAG-CAP without any copurified protein, as examined by Coomassie brilliant blue staining (data not shown), as observed previously (43) . GST-CYR1(606-1764), containing the whole LRR domain, was also examined for association with Ha-Ras (Fig.  1A) . We observed a specific binding of the modified Ha-Ras to GST-CYR1(1764-2026) complexed with FLAG-CAP in a manner independent of the guanine nucleotide configuration of Ha-Ras. This finding was in striking contrast to the GTPdependent association of GST-CYR1(606-1764) with Ha-Ras, which was unaffected by the posttranslational modification, as reported earlier (43) . On the other hand, FLAG-CAP alone, purified from yeast FS20 by adsorption onto anti-FLAG antibody-conjugated affinity resin M2, as well as GST-CYR1(1764-2026) alone, purified from E. coli, did not exhibit any detectable association with the modified Ha-Ras when examined at similar amounts (Fig. 1B) . These results suggested that the complex between CAP and the CYR1 C-terminal region might constitute a second Ras-binding site which mediates efficient activation of CYR1 by the modified form of Ras protein. However, it was impossible to obtain enough amounts of the CYR1-CAP complex to carry out more quantitative measurements for Ras association because CAP and GST-CYR1(1764-2026) coexpressed in E. coli were found to be unable to associate with each other for as-yet-unknown reasons. This led us to examine the significance of this association by means of the following genetic method.
Screening for CAP mutants which are defective in Ras signaling but retain the ability to associate with the CYR1 Cterminal region. The N-terminal region of CAP is required not only for its function in Ras signaling (14) but also for the association with the CYR1 C-terminal region (50) . The Nterminal function of CAP can be tested by its ability to confer heat shock sensitivity to yeast cells carrying the activated RAS2 gene, RAS2 . We have recently shown that the N-terminal 36-residue region of CAP is sufficient for both of these functions (37) . To establish a functional link between the observed Ras binding to the CYR1-CAP complex and the in vivo function of CAP, we carried out the following experiment. We reasoned that mutants of CAP defective in Ras binding might be obtained as those which lost the in vivo CAP function but retained the ability to associate with the CYR1 C-terminal region. To this end, we introduced random mutations into CAP(1-77) by an error-prone PCR (19) . A pool of the mutated CAP(1-77) were cloned into pGBT vector, and the resulting 2,000 clones were examined for the activity to confer heat shock sensitivity to yeast TK161-R2V(CAP⌬N) carrying the RAS2 gene and an N-terminal deletion of the chromosomal CAP gene as described in Materials and Methods (Fig.  2) . Approximately 700 clones failed to confer heat shock sensitivity. pGBT-CAP(1-77) plasmids were isolated individually from the heat shock-resistant yeast clones and subsequently transformed into Y187-207 for examination of a two-hybrid interaction with CYR1(1898-2026) (Fig. 2) . Finally, 39 mutants were found to retain the binding activity to CYR1. DNA sequence determination of these 39 mutants revealed that 9 carried a mutation involving Arg-26, 2 of which carried a single mutation of R26G, and that 5 carried a mutation involving Asn-12 and 7 carried a mutation involving Glu-28. After exclusion of the mutants carrying a stop codon or more than three mutated residues within residues 1 to 36, we finally obtained three kinds of CAP mutants: CAP(L13P/E28V), CAP(N12S/E28G), and CAP(R26G), in which combinations of the mutations L13P and E28V and of the mutations N12S and E28G appeared in more than one occasion. CAP(1-77) carrying these mutations failed to confer heat shock sensitivity to TK161-R2V(CAP⌬N) cells (Fig. 3A) and exhibited a positive two-hybrid interaction with CYR1(1898-2026) (Fig. 3B ). The association with CYR1 was further examined biochemically by using the full-length proteins. The L13P/E28V, N12S/ E28G, and R26G mutations were transferred to the full-length CAP, which were expressed with a FLAG epitope-tag in yeast FS1 cells (Table 1 ) and examined for in vivo association with the endogenous CYR1 (Fig. 3C) . The amounts of CYR1 copurified with FLAG-CAP carrying the mutations were almost equal to that copurified with FLAG-CAP wild type. On the other hand, FLAG-CAP carrying L20R mutation failed to bind CYR1 ( Fig. 3B and C) , as reported previously (37) . In this experiment, the purified FLAG-CAP yielded two bands on the Western blot; the upper one corresponding to FLAG-CAP and the lower one presumably corresponding to immunoglobulin heavy chains eluted from the anti-FLAG resin.
Characterization of the CAP mutants obtained by the screening. The three CAP mutants were examined for their activity to mediate the CYR1 activation by the modified Ras protein. The endogenous CYR1 copurified with FLAG-CAP carrying the L13P/E28V, N12S/E28G, or R26G mutation (Fig.  3C ) was assayed for adenylyl cyclase activity in the presence of various concentrations of the GTP␥S-bound form of the modified Ha-Ras (Fig. 4A) or of the unmodified Ha-Ras (Fig. 4B) . One-tenth aliquots of the preparations shown in Fig. 3C , which contained roughly similar amounts of CYR1, were used for the assays. For more precise comparison of the activity levels among different CYR1 specimens, the Ras-dependent activity was presented as a ratio to the Mn 2ϩ -dependent activity of the same specimen. The Mn 2ϩ -dependent activity is unaffected by Ras and is proportional to the amount of the CYR1 protein.
CYR1 complexed with FLAG-CAP wild type was activated by the modified Ha-Ras much more efficiently than by the unmodified form, and a 12-fold-higher activity was achieved by the modified Ha-Ras over the Mn 2ϩ -dependent activity. However, CYR1 complexed with any of the three CAP mutants exhibited a much-reduced activity dependent on the modified Ras (Fig. 4A ). CYR1 complexed with CAP(R26G) was least active, and its modified-Ha-Ras-dependent activity managed to reach the level of the Mn 2ϩ -dependent activity (Fig. 4A) . Thus, we successfully obtained CAP mutants which were defective in Ras signaling both in vivo and in vitro but retained the binding activity to CYR1.
We next examined the effect of the CAP mutations on the VOL. 20, 2000 SECOND Ras-BINDING SITE MEDIATING CYR1 ACTIVATION 29 activity to associate with the modified Ras. GST-CYR1(1764-2026) complexed with FLAG-CAP carrying the L13P/E28V, N12S/E28G, or R26G mutation was immobilized on glutathione-Sepharose resin and examined for in vitro association with the modified and the unmodified forms of Ha-Ras as described in Fig. 1 (Fig. 5 ). Both CAP(L13P/E28V) and CAP(N12S/ E28G), complexed with CYR1(1764-2026), failed to exhibit any detectable binding to the modified Ha-Ras. Thus, two of the three CAP mutants, which were isolated by screening for those defective in Ras signaling but retained the CYR1-binding activity, turned out to exhibit a severely impaired ability to bind the modified Ras, providing genetic evidence for the importance of the physical association at the second Ras-binding site in Ras-dependent regulation of CYR1. On the other hand, CYR1 complexed with the other mutant CAP(R26G) exhibited a greatly enhanced ability to bind the modified Ras in sharp contrast to the other two CAP mutants (Fig. 5) . Too-strong interaction at the second Ras-binding site is detrimental to the CYR1 activation. The observation that CYR1 complexed with CAP(R26G) was least responsive to Ras but exhibited an enhanced binding activity toward the modified Ras reminded us of our previous observation on the interaction of Raf-1 CRD with Rap1A (20) . Rap1A, which lost the ability to activate Raf-1, possessed a greatly enhanced activity to associate with CRD compared to Ras. Ha-Ras protein carrying the Rap1A-type mutation E31K was also found to exhibit the same property (20) . During examination of 50 HaRas mutants for their abilities to activate CYR1, we had observed that Ha-Ras(E31K) was incapable of activating CYR1 efficiently (1) . The level of CYR1 activity attained with the modified Ha-Ras(E31K) was so low as to be comparable to that with the unmodified wild-type Ha-Ras (Fig. 6A) . However, Ha-Ras(E31K) possessed a binding activity comparable to that of the LRR domain of CYR1 with wild-type Ha-Ras 1-77) carrying the indicated mutations were examined for heat shock sensitivity by a replica-plating method as described in Materials and Methods. Shown are photographs of the two replica plates, one subjected to a 55°C heat shock for 5 min (left panel) and the other without the heat shock treatment (right panel), after 2 days of growth at 30°C. (B) Yeast two-hybrid analysis for interaction of CAP(1-77) carrying the indicated mutations with CYR1(1898-2026) was performed as described in Materials and Methods. (C) FLAG-CAP carrying the indicated mutation was purified from yeast strains FS25, FS55, FS56, or FS57 (Table 1) as described in Materials and Methods. The endogenous CYR1, which was copurified with the FLAG-CAP mutants, was subjected to Western immunodetection. The upper panel shows the endogenous CYR1 detected with anti-CYR1CT antibody. The lower panel shows purified FLAG-CAP proteins (approximately 0.5 g) detected with anti-FLAG antibody. All of the experiments were repeated three times and yielded similar results.
FIG. 4.
In vitro activation of CYR1 complexed with the CAP mutants by the modified Ras. The endogenous CYR1 complexed with the FLAG-CAP mutants was purified as described in the legend to Fig. 3C and examined in vitro for stimulation of adenylyl cyclase activities by the GTP␥S-bound forms of the modified (A) or the unmodified (B) Ha-Ras as described in Materials and Methods. The y axis shows the Ras-dependent adenylyl cyclase activity, which is presented as a ratio to the Mn 2ϩ -dependent activity of the same specimen. The Mn 2ϩ -dependent activities of the purified proteins ranged from 15 to 20 pmol of cAMP formed during 30 min of incubation at 30°C. Similar experiments performed on three occasions with different preparations of CYR1-CAP complex yielded equivalent results. (Fig. 6B) . Thus, we next examined the effect of E31K mutation on the association with the CAP-CYR1(1764-2026) complex and found that Ha-Ras(E31K) exhibited a greatly enhanced binding activity compared to wild-type Ha-Ras (Fig. 6C ). This result, taken together with that obtained with CAP(R26G), strongly suggests that too-strong interaction at the second Rasbinding site is detrimental to the CYR1 activation.
DISCUSSION
The essential role of the posttranslational modification in the biological functions of Ras protein has been interpreted in terms of its membrane-anchoring function, which enables Ras to recruit the effector molecules to the plasma membrane. However, it was unclear whether the posttranslational modification has another function that is directly involved in the effector regulation. By using an in vitro reconstituted system, which enabled an analysis of such a Ras function separately from the membrane recruitment function, we were the first to show that the posttranslational modification, in particular farnesylation, of Ras is essential for efficient activation of CYR1 by Ras protein (28) . Subsequently, the importance of the posttranslational modification, in particular farnesylation, of Ras was also shown for activation of B-Raf and Raf-1 by using crude in vitro reconstituted systems (39, 45, 51) . Furthermore, discovery of the farnesylation-dependent association of Ras with Raf-1 CRD, which is crucial for the efficient Raf-1 activation by Ras, provided a clue to elucidating the molecular basis for the role of farnesylation on this process, although the precise role of this association in Raf-1 activation remains to be clarified (21, 31, 46) . Our previous observations (43) that association with the CAP N-terminal region was essential for the efficient activation of CYR1 by the posttranslationally modified Ras and that the posttranslational modification did not affect the ability of Ras to associate with the LRR domain of CYR1 led us to examine the possibility that CAP might constitute a second Ras-binding site of CYR1, mediating the CYR1 activation, which is analogous to Raf-1 CRD. In fact, here we have observed that CAP in complex with the CYR1 C-terminal region exhibits a direct association with Ras, which is dependent upon the posttranslational modification. By isolating mutants of CAP which are defective in association with the modified Ras, we have provided a genetic evidence for the importance of this binding in the cellular function of CAP, as tested by acquirement of heat shock sensitivity in the RAS2 background as well as in the in vitro activation of CYR1 by the modified Ras. Further, the isolation of a mutant, CAP(R26G), which is defective in mediating the CYR1 activation but exhibits a greatly enhanced binding at the second Ras-binding site, has hinted at the importance of the strength of this binding in the regulation of CYR1 activity. This is further supported by the observation that Ha-Ras protein carrying the Rap1A-type mutation E31K, which has lost the ability to activate CYR1 efficiently, possesses a greatly enhanced binding activity toward the CYR1-CAP complex. These observations suggest that too-weak and toostrong interactions at the second Ras-binding site are both detrimental to the CYR1 activation and are reminiscent of our observation on Raf that the strength of the interaction of Ras with the Raf CRD is a critical determinant of response of Raf to Ras: too-weak and too-strong interactions are both detrimental to the Raf activation (38) . We presently do not have any mechanistic explanation for this phenomenon in molecular terms. The observation on Ha-Ras(E31K) is also similar to what we have observed for the same mutant upon examination of its abilities to activate Raf-1 and to bind to CRD, the second Ras-binding site of Raf-1 (20) . Rap1A itself was known to possess the same properties as Ras(E31K) toward Raf-1, and we have shown that Rap1A also exerts the same activities toward CYR1 as did Ras(E31K) (data not shown). Thus, we have observed strikingly similar properties of the interaction with Ras in the two best-characterized effectors, Raf-1 and CYR1, which do not share any structural homology with each other. These findings lead us to propose that the presence of a second Ras-binding site, which mediates regulation of the effector activity by Ras, may represent a general property of the Ras effector proteins.
Isolation of the CAP mutants, which exhibit altered modes of association with Ras, has enabled us to propose a model for this interaction (Fig. 7) . We showed previously that the Nterminal 36-residue region of CAP was sufficient for the association with the CYR1 C-terminal region, as well as for its function in the Ras-CYR1 pathway (37) . Careful examination of the primary structures of the mutually interacting regions of CAP and CYR1 and the isolation of CAP mutants defective in the CYR1 binding indicated that CAP makes a coiled-coil interaction with CYR1 (37). Spinning-wheel representations of the mutually interacting regions indicated that residues at the a and d positions form a hydrophobic interface between the two ␣-helices (Fig. 7) , of which Leu-20, Leu-27, and Val-30 of CAP, as well as Leu-1916 and Leu-1923 of CYR1, were identified as residues essential for the CYR1-CAP association (37) . Of four residues which have been identified in the present study to be crucial for the association with the modified Ras, Asn-12 and Arg-26 occupy g positions and Glu-28 occupies a b position. These residues are located in a hydrophilic solventexposed surface of the coiled coils, which is commonly used as an interface for association with interacting proteins (32) . On the other hand, Leu-13 is located at an a position. We have observed that mutation of Leu-13 has no effect on the association with CYR1 (data not shown). In addition, we have ob- served that the presence of both mutations is necessary for causing the functional defect of the CAP mutant carrying the double mutations N12S/E28G or L13P/E28V (data not shown). We speculate that Asn-12, Leu-13, Arg-26, and Glu-28 of CAP may contribute to formation of a binding site for the modified Ras as a complex with the CYR1 C-terminal region. It is presently unclear what structural characteristic of the modified Ras is recognized by the CYR1-CAP complex. It is likely that the C-terminal structure of Ras with the posttranslationally attached farnesyl group is a major determinant because the unmodified Ras has no binding activity. If this is the case, the absence of sequence conservation among the C-terminal regions of various Ras proteins limits the possible recognition site to the farnesylated and carboxymethylated Cys residue at the C terminus. This is supported by a recent nuclear magnetic resonance analysis of the tertiary structure of the guanine nucleotide dissociation inhibitor of Rho small GTPase, Rho-GDI, which revealed a hydrophobic isoprene binding pocket for interaction with the farnesylated Rho protein (18) . Alternatively, the farnesylated C-terminal segment of Ras may fold back and come into close proximity to the other region of Ras, thereby altering its conformation to create a new epitope for the binding. This possibility also has a support from our present observation that the E31K mutation of HaRas exerted an enhancing effect on the binding. Further studies are needed to elucidate the molecular mechanism by which the CYR1-CAP complex recognizes the modified Ras protein.
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